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Abstract 

'I'ht: ~ ( ! i L ~ ! i L t . ( * h  foc.tlScd 011 two are-; (a) thc: dyrimics of forcod turbulent. flows ancl (t))  tinit? 
fil t,c!rtxl Litrg(* Eddy Simulations (TLES). The dynamics of ttirbulent flows arising froiu ext(!riiitl 
fol-c:irig of f f i o  turtmlcncc are poorly untlerstood. IKI particular, licm are riiariy iiiiaiiswtxwi 
qtwstious rchting the basic dynamical balaIicm arid the existence or rioncxistcsicc of statistical 
oquilit~riiuri of forctd tilrhulont flows. This rmearch iised direct numerical similations to explore 
tliost: qucsticins. The properties of thc temporally filtcred Navier-Stokes equations were also 
s ti iditxl 
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Forced Isotropic Turbulence 

1)irec:t niinic:rical sinlaliLtioII (DNS) is a well known tt~hniqiic for st iidyiiig tho dynaiiiics o f  
tiirbiil(:nt, flows at. low and iriodciratti Rc~ynolds numbers. hi a piomntririg stiidy Rogallo' carried 
o i i l .  a TINS of t1tx:ayiug isotropic turbiileiice. This flow is in a statistical ccpilibriiirn at c d i  
illstarit of tiiiie. i dh i t  that t.hc statistkd moments, sptx:t.rum. ctc. are slowly varying fiixictions 
of tiitit:. 

h c  we coiisidcr both dcyAying isotropic turbiilence and isotropic: turbuleucc with forcing. The 
forcing in thc present stiidy was applitd to a DNS of a turbulent, flow in statistical eqiiilibriutn. 
The DNS c : o c l c  is pwudespectral in two dircctions (XI, 23) and uses fourth order fiiiito differmiws 
in the other (cy) direction. The tirne advancemtmt is done by using a third-ordt!r. low storage 
RiiIiK<!-Kutt,iL iricthod. The t)otimlary conditions are periodic in all directions in a cube of sizc L. 
Tho offect of thtt forcing must depend 011 the "sizen of the forcing function relative! to the "size" of 
thtb tiirbuleot, striicturcs. To t)e iiiore precise, considcr the spcrtrurn of, say, isotropic t,iirl)ulcnce. 
111 statistical equilibrium thc! shape! of the spectrum is invariant and contains ( 1) an cmcrgy 
c-oiitainiiig riliige, (2) an energy trarisfcr range wherein the ericrgy from the cncrgy containing 
range is transfwrcd to (3) the encrgy dissipation range. These thrcc ranges liavtt difforent "size'! 
t.urt~uk!iit struc:tiircs with the "size? clwrcasing from (1) thru (2) to (3). Tlicrcforc. the r!ffa:t> of 
forcing will clcpciid OII in which rauge the "sizc" of the forcing func:tion mitt(:ht:s t.hc "simY of 
t. 1 ic: t i irl) i i  It. 11 t, st r uc t 1 ircs . 
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Thc rcsiilts ( I f  thew DNSs arc being analyzed in terms standard dynamical qnaiitities. energy, 
ctissipatioii rate, two-point (:orrelations. spwtra and so on? in order to deterniirie the effects 
of fi)rc:ing in tiac:h of tliwe ranges. Sonic prclirriinary rcsults for thc: (:itsf? of forcing at high 
wav(iiiiiinI)(~rs, 30 5 k 5 32. are presented liere. 
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Results of Forcing the High Wavenumbers of Isotropic 
Turbulence 

‘L’he dissipation spectra arc plottcul in Figure 2 with the same conventions of tiitshod. solid and 
color its i i t  Figure 1. Thc peak in the dissipation spectra of tho unforced tnrhlencc shifts to 
lower wavc:iiiimber as tintc incroaws; it is at, k ahout 18 at to and at k about. cqual to 12 at t:<. 
The forced t,iirl)ulcnce shows similar behavior but this is a secondary pcak with t.lte iriain pcak 
twiiig that in the forcing wavenumbcr range and this peak remains constant in  time. Thc! “back 
sc:att,cr” is illso rcadily appcarzrcnt, in this figure. 

‘l’hc: isotropy of tlict tmbuleiice is niost readily chrxked by examining the corrcilatiori functions, 
tiwe corrclirt ions in spa:(! at fixed tinics. The longitudinal axid transverse correlations for the 
iinforc:ecl tiirtmlcnce at t : ~  are shown in Figure 3. The notation in this figiire is of tht forrn 
pi . i  (sj) and this cic:notes t tic: autocorrclation of wlocity component u, at sp;tt.ial scparatiori sj 
with tlie inclox k being thc value of zj/Azj. The top panel in Figunt 3 shows the longitudinal 
aiitoc.orr~btior1 firnvtious of 441 in the 5 1  direction (solid), u2 in the .I:? direction (dash) and t i g  

iri t,tw %:I clirwtiort (dash-dot ). Tlrc thrw longitudinal auto(:orrctlat,ion fitirctions arc cssciitiitlly 
C(111id with oiilv niinor cliffctreuccs iit, large k (large separation). These autoc.orrc.latiori fiitictions 
cIcx:ay t-o ZOIW itt itl)o11t, k = YO. The iniddlo panel slows the first of thc trmisverw ii1rtocordiitioI1 
fiiiic:tioris, that of 111 iu t h  .c2 clircctiou (solid), 712 in the x:s direction (dash) i d  71:s in thc :XI 
c!iroet,ioii ((liish-dOf ). Those fiinctions ant essentially cqiia.1 for k 5 10 ; U M ~  11;ivc minor tlifforcnccts 
at. hrgcr wiLvoIIlliiIt)c’rS. k’idly. thc hottom pard in Figure 3 s h o ~ ~ s  t . h  SWOTld svt, of transvcrst! 



Figiirc 5 shows t l i c .  spatial cross-correlations as furictioiis of spatial styaratioii. In this fignro 
tlit: solid (:iirv(t c-orrcwponds to separation in thc? 21 dircx:t ion. thc dash crirvv to soparatioil in 
t,hc Z.L tlirec*tion wid the dash-dot curve to separation in the z g  dircw:tion. As in thc! previoiw 
tigirt!! the index k = xi/Axj. As expected, thesc cross-correlations arc quite small, with thc 
al)solute valiic of t tic riiaxiniuni being approximately 0.05. Also, thesc c:ross-c:orrclat,ions show 
i i o  syrrtnit!try ahoiit X: = 0. The spatial cross-correlations for the forced caw) iuc siiowii in Figurc: 
6. Coinparing thc rctsults shown in these two figures one c;tn note slight diffc!rc:riccs between tlic. 
forced and iuiforcctd cics(ts. Thtsc difft:rcnces are most apparent iicm IC = 0, rorighly in the range 
-5 5 k 5 5. T h c s  high waveiiiiriiber forcing caiiscs all of the cross-correlations to Iw cc~iial in 
this rangt: of k: agaili a suMe change in the structure of ttie turbulctnco c:austtd by the forcing. 

G 



7 



Summary 

Ttw I)(tliitvi~ )I' of thc longitiidind and transverse autocorrelation fiinctious was sh)wii to he that of 
isotropic turl)uleiitx:, in particular having 1511 = Lt2 and L,/Llj  approxiinately c!qiial to 2 for both 
iiiiforccd arid forced isotropic turtdence. There was no readily apparent differencx: hctwcxm tlio 
t,wo (:;lws aiicl  it. appeared that the forcing hac1 little or no effect, of the antocorrelation fuii(:tioiw. 
Therv wcrc. how(:vcr: very small differences caused by the forcing at  high wav(xiii1iih:r. These 
showtxl up  in the irit,egral length scales. The high wavenumber forcing increased thc: rc:lativc 
arriount of cmcrgy in the high wavenurnbcrs as compared to the low wavttnumt)ers. This liad tho 
t+fcct, of slightly rcdiicing both tho longitudinal integral length scalt: and both the transverse 
ititqral length sc:i~los for thc forced flow as compartd to the unforced flow. The ratios of thesc 
sc~a l~?~ ,  liowowr. reniaiiietf quite close to 2 and they differed only in the fourth significant figure. 
Thcrci are slight differences in the cross-correlations between the forced arid unforced CAMYS. 

Thw difft!rc*riccs w ( w  most apparont near k = 0: roughly in the rango -5 5 k 5 5. Thc high 
w;~vti~iiiiiil)(~ forcing c a d  all of the cross-correlations tc:. be equal in this range of k; again a 
sti1)tk: C ~ ~ L X I ~ C :  i i i  the structiin: of the isotropic turbukeiic:c$ c:au.sed by the forciiig. 
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Figure 1: Energy spectra, E(k), as a function of the wavenumber, k. The dashed black curve is 
the spectrum at time t, at which forcing began. The colored dashed curves are the spectra of 
the unforced turbulence and the colored solid curves are the spectra of the forced turbulence at 
the same time as the unforced turbulence. These results are for three succeding times; red is at 
tl (tl > to),  green is at t 2  ( t z  > tl) and blue is at t 3  (t3 > t 2 ) .  The solid black line has a slope 
of -513. 
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Figure 2: Dissipation spectra with the same conventions for the dashed and solid curves and for 
the colors as in Figure 1. 
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Figure 7: Contours of u1 on the plane 21 = 1/2 at time t 3  for the unforced flow. 
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Contours of u on x/L = 112 ; Forced 
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Figure 8: Contours of u1 on the plane 2 1  = 1/2 at time t 3  with forcing at high wavenumbers. 
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Contours of v on XR = 112 ; Unforced 
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Figure 9: Contours of u2 on the plane 2 1  = 1/2 at time t 3  for the unforced flow. 
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Contours of v on x/L = 112 ; Forced 

Figure 10: Contours of 212 on the plane z1 = 1/2 at time t 3  with forcing at high wavenumbers. 
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Contours of w on x/L = 112 ; Unforced 
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Figure 11: Contours of 7.4  on the plane 21 = 1/2 at time t 3  for the unforced flow. 

20 



Contours of won XR = 1/2 ; Forced 
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Figure 12: Contours of u3 on the plane 2 1  = 1/2 at time t 3  with forcing at high wavenumbers. 
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